Geographic atrophy (GA) is the late stage of nonneovascular age-related macular degeneration (AMD) and is characterized by the loss of retinal pigment epithelium (RPE), photoreceptors and choriocapillaris with characteristic extracellular deposits between outer retinal cells and their blood supply.[@bib1]^--^[@bib4] Growth of GA lesions, which are usually graded on color fundus photographs or in fundus autofluorescence (FAF) imaging, is progressive, and ranges from 1.2 mm[@bib2] to 2.6 mm[@bib2] per year.[@bib5]^--^[@bib9] The enlargement of GA is the only structural endpoint approved by regulatory agencies; however, efforts are made to find earlier endpoints.[@bib10]^--^[@bib12] Various prognostic factors, such as GA baseline area without square root transformation or bilateral GA lesions, have been identified in observational cohort studies revealing patients at risk for faster disease progression.[@bib6]^,^[@bib9] Spectral-domain optical coherence tomography (SD-OCT) imaging exhibits excellent correlation with FAF-based measurements for GA,[@bib13] and enlargement rates showed good interobserver agreement when measured with FAF or SD-OCT.[@bib6]^,^[@bib14]^,^[@bib15]

The junctional zone, the transitional area surrounding the GA lesion, has undergone various definitions focusing either on anatomic changes or on fixed margins.[@bib16]^--^[@bib18] In histologic studies the external limiting membrane (ELM) descent demarcates the edge of the atrophic area with the transition into the junctional zone.[@bib19] Photoreceptor defects and stacked RPE cells are present demarcating the subsequent area to become atrophic.[@bib20] A highly variable FAF pattern is observed in the junctional region. This pattern is not thought to be due to intracellular lipofuscin accumulation but caused by stacked RPE.[@bib3]^,^[@bib21]

Recently, reticular pseudodrusen (RPD) have gained attention in retinal studies. These subretinal deposits are also known as subretinal drusenoid deposits (SDD).[@bib22] These deposits are found internal and adjacent to the RPE and might disturb the ellipsoid zone anatomy when investigated on OCT images.[@bib23]^,^[@bib24] SDD show a distinct lifecycle with initial growth and subsequent regression in which SDD can be classified in a three-stage grading system.[@bib23]^,^[@bib25] In its greatest extent, the SDD disrupts the ellipsoid zone and is classified as stage 3.[@bib23] Initially RPD and SDD were not considered the same entity. RPD were visible on blue reflectance photographs, infrared, and FAF images, whereas SDD were described on OCT B-scans. However, multimodal imaging proved RPD and SDD to be the same structure.[@bib23] Eyes with SDD are at higher risk for the progression to both neovascular and nonneovascular late stage AMD.[@bib26]^--^[@bib28] In nonneovascular AMD a high correlation was demonstrated between fields with SDD at baseline and subsequent GA progression.[@bib26]^,^[@bib27] In neovascular AMD SDD double the risk of neovascular progression over soft drusen alone.[@bib28] Also, eyes with nonneovascular AMD often exhibit SDD, which have a higher prevalence in the superior-temporal perifovea, spatially coinciding with higher rod densities which show their highest density in an elliptical ring surrounding the fovea with a peak approximately superior to the fovea.[@bib29]^--^[@bib31] This study aimed to investigate the impact of SDD, as well as global and local photoreceptor integrity loss delineating the junctional zone on the progression of geographic atrophy.

Methods {#sec2}
=======

Consecutive patients with GA were enrolled in this prospective cohort study, which was approved by the Ethics Committee of the Medical University of Vienna. All patients gave written informed consent before inclusion. The study adhered to the Declaration of Helsinki and the Good Clinical Practice (GCP) guidelines. Patients with GA secondary to AMD with either unifocal or multifocal lesions were included in this study; hence, patients with foveal sparing were also included. The absence or presence of SDD on FAF and SD-OCT was not a study inclusion criterion. Patients with a history of choroidal neovascularization (CNV) or who had had anti-vascular endothelium growth factor (VEGF) injections were excluded. Both eyes were included if eligible, and this was incorporated in the statistical model.

Study visits included a baseline and 12-month follow-up visit. Best-corrected visual acuity (BCVA) was tested using the Early Treatment Diabetic Retinopathy Study (ETDRS) chart. A complete ophthalmologic examination including funduscopy after pupil dilation with 0.5% tropicamide and 2.5% phenylephrine to at least 7 mm diameter was performed. Infrared images, fundus autofluorescence (FAF) images, and spectral domain optical coherence tomography (SD-OCT) (Spectralis HRA+OCT Heidelberg Engineering, Heidelberg, Germany) were acquired after pupil dilation.

SD-OCT Imaging Protocol {#sec2-1}
-----------------------

A volume comprising the central 6x6mm was acquired with a resolution of 1024 x 49 (A-scans x B-scans; Spectralis HRA+OCT Heidelberg Engineering). At the baseline visit, the scan was carefully centered on the fovea or if no fovea was clearly detectable the scan was focused to cover the entire atrophic area and the system\'s follow-up mode was used at the 12-month follow-up visit to reacquire the OCT image. All volume scans were exported for manual marking of the SDD and junctional zone.

Marking of SD-OCT Findings and SDD {#sec2-2}
----------------------------------

The GA lesion was delineated on FAF images pursuant to the current FDA approved gold standard.[@bib12] The growth area of GA was defined on FAF as the area between the delineation border at baseline and after one year as described previously [@bib32] (see [Figs. 1](#fig1){ref-type="fig"}E, [1](#fig1){ref-type="fig"}F). SD-OCT volume scans were imported into validated reading center software (OCTAVO; Vienna Reading Center, Vienna, Austria). For the purpose of this study, we defined the border of the junctional zone by the integrity of the photoreceptors, which we marked corresponding to the loss of the ellipsoid zone on each SD-OCT B-scan (see [Figs. 2](#fig2){ref-type="fig"}A, [2](#fig2){ref-type="fig"}B). The manually delineated area was transferred to the registered infrared image and finally transferred to the FAF image after a three-point image registration was performed (see [Supplementary Video](#iovs-61-6-11_s001){ref-type="supplementary-material"}). The junctional zone was then defined as the area between the borders of the baseline GA FAF image and the baseline SD-OCT junctional zone (see [Figs. 1](#fig1){ref-type="fig"}C, [1](#fig1){ref-type="fig"}D). The delineated area was divided into eight sections, which converged at the fovea (see [Fig. 1](#fig1){ref-type="fig"}), to assess the local kinetics. The presence of SDD was evaluated on FAF images and SD-OCT B-scans and annotated globally for each eye, as well as for each octant.

![Fundus autofluorescence (FAF) imaging and demarcation of the junctional zone (*blue*) and growth area (*red*) in unifocal and multifocal geographic atrophy (GA); (**A, B**) FAF images without overlays. (**C, D**) the junctional zone (*blue*) defined as the area between the border of the baseline GA (FAF image) and the baseline spectral-domain optical coherence tomography junctional zone border; (**E, F**) growth area (*red*) as the area between FAF GA lesion delineation at baseline and follow-up. Subretinal drusenoid deposits (SDD) are visible in all octants in the eye with unifocal GA (Left column; note the typical dot-like appearance of SDD and *green arrows* exemplarily indicate SDD in the superior-nasal section).](iovs-61-6-11-f001){#fig1}

![Markings of the junctional zone borders in unifocal (**A**) and multifocal geographic atrophy (**B**); Borders of ellipsoid zone loss on spectral-domain optical coherence tomography (SD-OCT) indicating the outer edges of the junctional zone (*blue dashed lines*; B-scan of the SD-OCT corresponding to [Figure 1](#fig1){ref-type="fig"}); *Green arrows* in **A** mark the presence of small subretinal drusenoid deposits (SDD).](iovs-61-6-11-f002){#fig2}

Statistics {#sec2-3}
----------

A primary linear mixed model was computed with the GA growth area as the dependent and baseline GA area, baseline junctional zone area, age, the presence of SDD and GA configuration (unifocal and multifocal) as independent variables. Patient- and eye-specific random intercepts could be specified (the eye-specific random effect was nested in the patient-specific random effect) because both eyes were measured in most patients and measurements in the eye were divided into eight sections. To further investigate GA growth based on the different topographic distribution of SDD,[@bib30] the same model was computed eight times for each section of the eye, but only with patient-specific random intercepts (eye-specific random intercepts were not necessary because there was only one value per eye in each section).

Furthermore, another mixed model was computed to test whether the mean BCVA changed from baseline to one year, with the change in BCVA (1-year minus baseline value) as the dependent variable and only the intercept as an explanatory variable. Again, patient-specific random intercepts were specified. The level of statistical significance was set at α = 0.05. Estimates were derived from the statistical model and were calculated as mm^2^ change of growth per mm^2^ of GA growth per 12 months. The primary analysis was calculated first and the section analysis might be seen as an explorative subgroup analysis to assess the impact of SDD distribution, hence, no correction for multiple testing was implemented.

Results {#sec3}
=======

Eighty-three eyes of 49 patients were included. Twenty-two eyes (27.7%) were from male participants. The patients' mean age at baseline was 76.4 ± 7.8 years ([Table 1](#tbl1){ref-type="table"}). Fifty-four eyes (65.1%) presented with a unifocal GA lesion. Fifty-nine (71.1%) eyes had SDD. The presence of SDD was further noted for each octant segment. SDD were found in 46 eyes in the inferior section, in 44 eyes in the inferior-nasal section, in 45 eyes in the inferior-temporal section, in 44 eyes in the nasal section, in 55 eyes in the superior section, in 50 eyes in the superior nasal section, in 55 eyes in the superior-temporal section, and in 46 eyes in the temporal section ([Table 2](#tbl2){ref-type="table"}). The mean GA area at baseline was 6.1 ± 4.4 mm[@bib2]. After 12 months of follow-up the GA lesion enlarged by 1.5 ± 1.0 mm[@bib2]. The mean baseline junctional zone area was 2.3 ± 1.4 mm[@bib2].

###### 

Summary of Demographics and Clinical Features for the Entire Cohort

  Data Type                                               Data
  --------------------------------------------------- -------------
  Patients demographics                               
   Age (yrs), mean (SD)                                76.4 (7.8)
   Male sex, no. (%)                                    22 (27.7)
  Clinical features                                   
   Unifocal GA, no. (%)                                 54 (65.1)
   SDD, no. (%)                                         59 (71.1)
   Baseline GA area (mm^2^), mean (SD)                  6.1 (4.4)
   GA growth area (mm^2^), mean (SD)                    1.5 (1.0)
   Baseline junctional zone area (mm^2^), mean (SD)     2.3 (1.4)
   Baseline BCVA (logMAR), mean (SD)                   0.46 (0.36)

BCVA, best corrected visual acuity; GA, geographic atrophy; logMAR, logarithm of the minimum angle of resolution; SD, standard deviation; SDD, subretinal drusenoid deposits.

###### 

Presence of SDD Per Eye and Each Section Separately

  Sections             Presence of SDD, no. (%)
  ------------------- --------------------------
  Overall                     59 (71.1)
  Nasal                        44 (53)
  Superior-nasal              50 (60.2)
  Superior                    55 (66.3)
  Superior-temporal           55 (66.3)
  Temporal                    46 (55.4)
  Inferior-temporal           45 (54.2)
  Inferior                    46 (55.4)
  Inferior-nasal               44 (53)

SDD, subretinal drusenoid deposits.

Mean BCVA worsened from 0.46 ± 0.36 logarithm of the minimum angle of resolution (logMAR) (Snellen equivalent approximately 20/58) to 0.56 ± 0.37 logMAR (Snellen equivalent approximately 20/73) (*P* \< 0.001) over 12 months.

In the overall model, the GA growth after 12 months was significantly associated with the area of the junctional zone at baseline (*P* \< 0.001; estimate = 0.461), GA area at baseline (*P* \< 0.001; estimate = 0.049) and the global presence of SDD (*P* = 0.039; estimate = 0.049). Age did not have an effect on GA growth (*P* \> 0.05), and no difference in GA growth could be found between unifocal and multifocal lesions (*P* \> 0.05). Because there was no difference between unifocal and multifocal lesions, all results were pooled ([Table 3](#tbl3){ref-type="table"}).

###### 

Estimates (mm^2^ Change of Growth Per mm^2^ of GA Growth Per 12 Months) and *P* Values of the Mixed Models for the Overall Eye and Each Section Separately

  Sections             Baseline Junctional Zone Area     Baseline GA Area             Age                    SDD           Configuration (Multifocality)
  ------------------- ------------------------------- ---------------------- ---------------------- --------------------- -------------------------------
  Overall                  0.461 (*P* \< 0.001)        0.049 (*P* \< 0.001)   −0.002 (*P* = 0.104)   0.045 (*P* = 0.039)        0.026 (*P* = 0.24)
  Nasal                    0.332 (*P* \< 0.001)        0.066 (*P* = 0.029)    −0.001 (*P* = 0.669)   0.017 (*P* = 0.585)        −0.004 (*P* = 0.91)
  Superior-nasal           0.406 (*P* \< 0.001)        0.038 (*P* = 0.157)    −0.004 (*P* = 0.035)   0.018 (*P* = 0.547)        0.047 (*P* = 0.151)
  Superior                 0.614 (*P* \< 0.001)         0.04 (*P* = 0.14)     −0.007 (*P* = 0.006)   0.007 (*P* = 0.066)        0.098 (*P* = 0.015)
  Superior-temporal        0.641 (*P* \< 0.001)        −0.001 (*P* = 0.964)   −0.007 (*P* = 0.005)   0.108 (*P* = 0.005)       −0.028 (*P* = 0.464)
  Temporal                 0.338 (*P* \< 0.001)        0.019 (*P* = 0.456)      0 (*P* = 0.895)      0.077 (*P* = 0.002)        0.032 (*P* = 0.235)
  Inferior-temporal         0.36 (*P* \< 0.001)        0.022 (*P* = 0.425)    −0.003 (*P* = 0.171)   0.032 (*P* = 0.248)        0.039 (*P* = 0.229)
  Inferior                 0.403 (*P* \< 0.001)        0.063 (*P* = 0.018)    0.002 (*P* = 0.204)    0.018 (*P* = 0.468)        0.019 (*P* = 0.51)
  Inferior-nasal            0.5 (*P* \< 0.001)          0.039 (*P* = 0.15)    0.003 (*P* = 0.066)    0.024 (*P* = 0.364)       −0.006 (*P* = 0.846)

GA, geographic atrophy; SDD, subretinal drusenoid deposits.

In the sectorial analyses, the junctional zone area was always significantly associated with GA growth (*P* \< 0.001 for all eight sections; estimate range = 0.332--0.641). The GA baseline area was significantly associated with GA growth in the inferior (*P* = 0.018; estimate = 0.063) and nasal section (*P* = 0.029; estimate = 0.066). No association was found in the other six sections (all *P* \> 0.05). SDD was locally associated with GA growth in the superior-temporal (*P* = 0.005; estimate = 0.108) and temporal sections (*P* = 0.002; estimate = 0.077). A trend was identified in the superior section (*P* = 0.066; estimate = 0.07), but no association was found in the other five sections (all *P* \> 0.05). Age was associated with GA growth in the superior (*P* = 0.006; estimate = −0.007), superior-nasal (*P* = 0.035; estimate = −0.004) and superior-temporal sections (*P* = 0.005; estimate = −0.007). No association was found in the other five sections (all *P* \> 0.05). A difference between unifocal and multifocal growth was only observed in the superior section (*P* = 0.015; estimate = 0.098 for multifocal GA; for all other sections *P* \> 0.05).

Discussion {#sec4}
==========

Photoreceptor loss, leading to an increasing field loss, is one of the main features of GA.[@bib1] Visual acuity impairment depends strongly on the integrity of the foveal photoreceptors, which is referenced as foveal sparing. The loss of RPE and depletion of intact overlying photoreceptors in the fovea lead to an irreversible vision loss.[@bib33] Current studies focus on the lesion growth as a structural endpoint of GA, which is measurable on FAF imaging.[@bib10] SD-OCT is now widely available and the three-dimensional data acquired provides information about the course of disease additional to that from conventional two-dimensional FAF imaging.[@bib34] In particular, the area soon to become atrophic, the so-called junctional zone, may be an accurate predictor of GA growth, as this study has proven. This is not only true for the global enlargement in both unifocal and multifocal GA lesions but also for each sub-section (all *P* \< 0.001). It might therefore be an earlier indicator of GA progression than the irreversible and already occurred complete loss of RPE detectable with FAF. The calculated estimate indicates that the GA lesion will grow 0.461 mm^2^ per 1 mm^2^ of junctional zone (section range 0.332--0.641 mm[@bib2]) per year. This indicator could become helpful in studies investigating growth-decelerating treatments or for detecting progression even before RPE loss occurs.

Another finding of this study was an association between the GA baseline area and the growth area after 12 months (*P* \< 0.001 in the overall model). This association became statistically significant only in the superior and inferior sections (*P* = 0.029 and *P* = 0.018, respectively) when assessing local kinetics. It has to be noted that we did not apply a square root transformation to our data, which could alter this result, but it is an already well-explained finding.[@bib6] Over the last decade SDD have become a well-known risk factor for the progression to late AMD stages, particularly GA.[@bib22]^,^[@bib26]^,^[@bib27] We proved that SDD are not only a risk factor for the progression to late AMD but also accelerate GA growth. The global estimate indicates larger growth by 0.049 mm^2^ per mm^2^ lesion growth per year (approximately +5%) if the affected eye has SDD. Interestingly, we also found an association in the superior-temporal (*P* = 0.005; estimate = 0.108) and temporal sections (*P* = 0.002; estimate = 0.077) and a trend in the superior section (*P* = 0.066; estimate = 0.07), which are topographically the sections with the most common appearance of SDD.[@bib30] If present in these sections, SDD might also accelerate GA enlargement. However, no statistical significance was reached in the other sections where SDD are not as frequent.[@bib30] In addition to our study, an even stronger association between SDD and GA progression was found by Xu et al.,[@bib26] which may indicate a common pathophysiology between SDD and SDD-related GA. With the advances in artificial intelligent (AI), the real potential of these hardly comprehensible masses of data points generated daily by SD-OCT can be realized,[@bib35]^,^[@bib36] and the investigation of SDD will continuously enrich our understanding of AMD.

Other studies focusing on the natural progression of GA found GA growth best describable by a linear enlargement of the lesion radius.[@bib37] However, concentric growth rates differ with growth accelerated in the parafovea with a significant decrease outside the macula.[@bib38] This finding is in agreement with the decelerated growth of GA in larger lesions.[@bib39] In addition, stacked RPE cells may build up at the immediate border of GA and contribute to the appearance of various hyperautofluorescence patterns and associated changes in growth rates.[@bib40] Although significant in qualitative assessments, our group found only a partial association between quantitative autofluorescence and GA progression in solitary GA.[@bib32] Compared to the cited studies, the study presented here investigated topographic differences based on the topographic distribution of SDD. Different to the recent report of the AREDS2 study group,[@bib9] our results revealed no faster growth of multifocal than of unifocal lesions. This might be due to the large number of unifocal lesions in this study (54 eyes against 29 eyes). Previously reported prevalence of multifocal lesions revealed a much higher number of multifocal lesions, even more when including coalescent multifocal lesions.[@bib26] The number of unifocal GA in this study is higher, because patients that convert from intermediate to atrophic AMD in the early and intermediate AMD study at the Vienna Clinical Trial Center are switched to the study investigated here. Therefore the prevalence of smaller, unifocal lesions are high in this investigation, and coalescence is more infrequent. However, our current study did not primarily investigate the differences between lesion types, but rather SDD as part of the pathomechanism of GA progression. Because this might not represent the exact proportion in atrophic AMD, this has to be accepted as a limitation of the study. This study investigated the impact of SDD on GA growth; however, we did not quantify the amount of SDD. This could nevertheless be of benefit for understanding SDD, and AI might be best suited to automatically detect, count, and quantify SDD in further analyses.[@bib41] For the purpose of this study, we did not differentiate between growth towards the periphery and the fovea, which has already been shown to be different in eyes with GA sparing the fovea.[@bib42] We do not consider this to have a strong impact on the results of this study because growth is slow towards the fovea (one tenth of the growth towards the periphery[@bib42]). Furthermore, ocular magnification may differ inter-individually, which may alter area measurements. Therefore the stated values might not be absolute, which has to be accepted as a limitation. The involvement of choroidal and choriocapillary vessel changes in the pathophysiology of GA was reported[@bib4]^,^[@bib43]; however, this additional issue was not part of this study\'s investigation. Future studies will have to combine vascular changes with OCT structural findings. The exploratory subgroup analysis of this study included the investigation of eight topographic sections and we decided not to correct for multiple testing. Because these exploratory model were computed eight times, the possibility of an error due to multiple comparison is existent and must be accepted as a limitation.

In conclusion, we found a strong impact of global and local junctional zone area measurements on the progression of GA, which enables to predict global and local growth before irreversible RPE loss occurs. The presence of SDD proved to have an accelerating effect on GA progression, both globally and locally in sections that most commonly have SDD. Studies that focus on quantifying the number and volume of SDD promise to make a valuable contribution to our understanding of these deposits in the natural course of non-neovascular AMD.
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[**Supplementary Video**](#iovs-61-6-11_s001){ref-type="supplementary-material"}. Process of the 3-point registration technique used to overlap fundus autofluorescence (FAF) to infra-red (IR) images. Junctional zone (*green*) borders were marked on OCT and finally transferred to the registered FAF image.
